By introducing sequentially connected two packed-capillary columns, a wide range of volatile compounds were successfully separated in gas chromatography. The hyphenation of two packed-capillary columns of 1.0 mm i.d. was accomplished using a conventional 6-port valve, where the temperature of each column was individually controlled in the respective column ovens. These columns were prepared with two different types of sorbents, each having a different selectivity, in order to separate a wide range of compounds, including permanent gases, volatile alcohols and other typical volatile organic compounds. With a simple valve switching operation, the complex sample mixtures were rapidly separated and detected.
Introduction
Gas chromatography (GC) has been widely employed for the separation and determination of volatile compounds. In recent GC separations, open-tubular capillary columns were mainly used for the separation of complex sample mixtures, due to its high resolution, although conventional packed-columns are still employed for the separation of a certain class of compounds, especially for highly volatile compounds, because of unique retentivity and selectivity. 1 In the packed-columns, a wide variety of stationary phases can be employed, and therefore various types of volatile compounds having different polarities as well as permanent gases were successfully separated. The sample loading capacity of the packed-column is also remarkable. In contrast to the above-mentioned advantageous features of the packed-column in GC, the attainable theoretical plates number of typical packed-column is somewhat limited. In addition, the temperature-programmed separation of a conventional packed-column is also limited because of the relatively large heat capacity of the columns.
To accomplish complete separation of a complex sample mixture, column switching or multidimensional gas chromatographic (MDGC) analysis has been introduced. 2, 3 In most of the recent MDGC, an open-tubular capillary column has been employed to accomplish a better separation of the complex mixture. MDGC analysis using two or more capillary columns provides a greater separation power, along with good compatibility to a mass spectrometric detector (MSD). Column switching analysis using conventional packed-columns is still carried out for the determination of impurities, [4] [5] [6] although the basic concept was already developed in 1950s. 7 In our previous investigations, novel packed-capillary columns for a rapid temperature-programmed GC analysis was developed with a thin-wall stainless-steel capillary of 1.0 mm i.d. 8 The developed packed-capillary columns can be installed to a conventional capillary GC system without any modifications and adapters. These columns showed unique selectivity along with a good sample loading capacity. It was confirmed that excellent compatibility to the rapid temperature-programmed elution existed, typically up to 40 C/min, which could not be obtained with the conventional packed-columns having 3 to 4 mm i.d.
As one of the promising extensions of our previous publication, in this work a column switching GC analysis with the packedcapillary columns was studied using a set of conventional capillary GC instruments. Two packed-capillary columns were connected in series via a 6-port valve, and the sample mixtures containing the compounds having a wide range of volatility were separated with a simple valve switching operation in either the first column or the second column. The heart-cutting analyses were also investigated for the separation of several complex sample mixtures with two packed-capillary columns having a different selectivity from each other.
Experimental

Chemicals and materials
All of the reagents and organic solvents were of analytical reagent grade, and were obtained from either Wako Pure Chemical (Osaka, Japan) or Tokyo Kasei Industries (Tokyo, Japan). All of the standard gas samples were purchased from GL Sciences (Tokyo, Japan) as a small desktop gas cylinder. For preparing gaseous sample mixtures from the corresponding liquid analytes, either a Tedlar Bag or an aluminum bag (GL Sciences) was used along with a vacuum glass vessel of 1.0 L volume (GL Sciences) for preparing the initial standard gas samples, as described previously.
The packing materials used in this work (a Sunpak-A (SA: porous polymer beads of ethylbenzene-divinylbenzene); and a Shimalite W, white diatomaceous earth, acid washed and subsequent dimethylchlorosilane (DMCS) treated, and then coated either with SE-30 (polydimethylsiloxane) or HR-20M (polyethyleneglycol)) were obtained from Shinwa Chemical Industries (Kyoto, Japan).
GC measurements
Two Agilent 6890N gas chromatographs (Yokogawa Analytical Systems, Musashino, Japan) with a flame ionization detector (FID) and a Shimadzu GC-2014 gas chromatograph (Kyoto, Japan) with both a thermal conductivity detector (TCD) and a FID were used for the GC measurement. The injection temperature was set at 300 C, and all of the injections were operated in a split mode with a ratio of 5:1. As the carrier gas, either N2 or He was used. The data collection was made with ChromNAV data handling/analysis software (Jasco, Tokyo, Japan).
Packed-capillary columns were prepared as follows: several types of packing materials (Shinwa Chemical Industries) of between 100 and 80 mesh, corresponding to about 150 and 180 μm in diameter, respectively, were packed into a stainless-steel capillary of 1.0 mm i.d., 1.27 mm o.d., 1.0 m length. Then, a pair of stainless-steel capillaries of 0.3 mm i.d., 0.52 mm o.d., 0.5 m length were attached to the inlet and outlet of the packed-capillary column, thus allowing an easy installation of the packed-capillary column to a conventional GC injector and detector designed for typical capillary column connection.
The GC system used in this study consisted of two micro-packed columns and a 6-port valve (Model 7000, Rheodyne, Cotati, CA). A system overview is illustrated in Fig. 1 . In order to avoid any undesirable adsorption inside of the valve, a 6-port valve was placed in a GC oven, where the valve position could be manually switched from the outside of the GC oven. The valve switching time was optimized for respective analysis, and described in each figure caption. As a resistance tube, a stainless-steel capillary of 0.3 mm i.d., 0.52 mm o.d., 0.7 m length was employed in order to maintain a stable baseline of detector 1 (FID) in Fig. 1 . When analyzing a wide range of volatile compounds with a column-switching technique, these packed-capillary columns were initially connected in series, as shown in Fig. 1A , where the second column has a relatively higher retentivity than the first column. After the relatively volatile analytes were passed through the first column and 6-port valve, the valve was switched to another position, allowing both the continuous separation of less volatile fraction in the first column and the separation of a high volatile fraction in the second column, having a different selectivity, as illustrated in Fig. 1B . The switching time was optimized in the preliminary experiments, where several test runs should be good enough to find the optimized switching time as long as the elution time from the 1st column was obtained. With the above operation, these two fractions could be detected in the corresponding GC detector placed at the end of each column.
In a heart cutting analysis, the 6-port valve was initially positioned as illustrated in Fig. 1B . Then, the valve was switched to another position (Fig. 1A) to transfer a desired fraction that eluted from the first column. Similar to the valve switching technique, the valve switching time was optimized in the preliminary experiments in order to make sure successful transfer of the desired fraction from the 1st column to the 2nd column. After transferring of the fraction, the valve was switched again to be the configuration shown in Fig. 1B , and the analytes were separated on each column. The RSDs of the retention time were less than 2.0% (n = 5) in all of the columns when operating either switching or heart cutting analysis.
Results and Discussion
Column switching analysis Figure 2A shows a typical chromatogram for the separation of a sample mixture containing alkanes from methane to octane on a SE-30 packed-capillary column. As can be seen from the figure, five alkanes, from butane to octane, could be well-separated with the SE-30 column only; however, at the same time, the co-elution of three components (methane, ethane and propane) was clearly found in this column. The separation of all of these three gaseous components on the SE-30 column was not established under other conditions, including a slower temperature-programming rate and a lower initial column temperature.
In order to realize the separation of a wide range of volatile analytes, a column-switching system was constructed using a second packed-capillary column prepared with other stationary phases having a larger retentivity to highly volatile alkanes. Figures 2B and 2C indicate separations of the same alkane mixture using a column switching system. As can be found in Fig. 2C , the highly volatile fraction was transferred to the second column after just passing through the first column, while the other components in the mixture were separated only using the first column, as shown in Fig. 2B . These results demonstrated a successful separation of this sample mixture, along with rapid elution of all the analytes on the basis of a good compatibility of the packed-capillary columns to the rapid temperature programmed run. As described in a previous publication, the relative delay of the retention time on the packed-capillary column from the theoretically estimated value was less than 4.6% at a temperature-programmed rate of 40 C/min. In addition, no significant baseline disturbance was observed in all of the chromatograms obtained with the above valve switching operation. Similar successful separation for a homologous alcohol mixture from methanol to octanol is shown in Fig. 3 . As can be clearly seen in Fig. 3A , the co-elution of two early eluted analytes, methanol and ethanol, was observed, and the resulting undesirable peak tailing affected all of the other peaks eluted later. Upon introducing column switching, however, a complete separation for this alcohol mixture was achieved, as shown in Figs. 3B and 3C . The early-eluted fraction, containing methanol, ethanol and propanol, was transferred to the second packed-capillary column upon passing through the first column, and detected with a FID (detector 2 in Fig. 1 ) at the end of the second column, as found in Fig. 3C . Three late-eluted analytes were separated using the first column only, and then detected (with detector 1 in Fig. 1 ) at the end of the first column, as illustrated in Fig. 3B . No adsorption in the switching valve was observed for all of the analytes during this column switching operation.
Introducing a TCD as the detector of the second column, detector 2 in Fig. 1 , separations of a mixture containing both inorganic gases and volatile organic compounds were carried out, where the early-eluted gaseous compounds were detected by the TCD after being separated by two packed-capillary columns sequentially linked via 6-port valve (Fig 4B) . As shown in Fig. 4A , the separation of the organic fraction was carried out with the first column only. Using a fast temperatureprogramming rate, typically at 40 C/min, the analysis time for this mixture could be significantly reduced, suggesting a future application in petrochemical industries often dealing with a complex mixtures containing highly volatile components.
Heart cutting analysis
Upon the successful applications of the column switching Retention time / min analysis with two sequentially-connected packed-capillary columns, a heart cutting analysis was studied in the developed system. Compared to the column switching analysis, as typically described above, the valve position can be returned to the original position again during separation, enabling that a fraction of interest will be transferred to the second column, and also that other fractions will be separated with the first column only. Figure 5A illustrates a typical temperature-programmed separation of a complex sample mixture on a packed-capillary column. With a heart cutting operation, as shown in Fig. 5C , the desired fraction, containing ethylbenzene, o-xylene, styrene and nonane, was transferred to the second column. The other two fractions, eluted both earlier and later, were separated on the first column (Fig. 5B) . From a comparison of the chromatograms in Fig. 5 , one can find an advantageous feature of this heart cutting GC system. All of the overlapped peaks in Fig. 5A were successfully separated in the second column (Fig. 5C ), while no significant baseline disturbance was found in the chromatogram of the first column. A large sample loading capacity of the packed-capillary columns is an additional advantage of this GC system.
Conclusions
Separations of a wide variety of volatile compounds were accomplished by the column switching analysis in conventional capillary GC systems using a set of the packed-capillary columns. The results clearly demonstrated the possibility of the packed-capillary column to rapid separation and sensitive detection of volatile compounds, because the packed-capillary column has several advantageous features of both the conventional packed column, i.e. a unique selectivity and a good sample loading capacity, and of a capillary column, i.e. a good compatibility to the temperature program. Further applications of the column switching/heart-cutting analysis with the packedcapillary columns, including the separation of real complex sample mixtures using a MSD for a further detectivity improvement, is currently being investigated in our laboratory. 
